The growth of TiNi thin films by ion beam sputter deposition using a Kaufmann type ion source is described. Argon ions are used to sputter separate Ti and Ni targets to deposit nearequiatomic TiNi thin films. Typically, ion energies and current densities of 1500 eV and 1 mA cm -2 respectively are used, with an argon overpressure of around 0.05 mtorr, to achieve deposition rates of order 1 μm hr -1 . The thermophysical properties of the deposited films were investigated by thermal imaging. Patterning of TiNi films and foils with micrometre resolution using KrF excimer laser ablation at 248 nm wavelength, with beam fluence up to 2.5 J cm -2 , 15 ns pulse duration and pulse rates up to 100 Hz has also been investigated.
Introduction
A shape memory alloy (SMA) possesses the property that if plastically deformed below a temperature at which it has wholly transformed to the martensitic state (the martensitic finish temperature M F ) and then heated above a temperature at which it has wholly transformed to the austenitic state (the austenitic finish temperature A F ), it will recover the original, undeformed, martensitic shape. The effect has long been known in TiNi alloys and is a form of diffusionless phase transformation in which the material will exert a considerable force if constrained. Consequently, TiNi SMAs in thin film form are now being extensively investigated as microactuators for MEMS. A range of potential applications have already been demonstrated, including microvalves, micropumps, micromirrors, microelectrodes and microgrippers and have been reviewed by Fu et al [1] . Desirable properties of TiNi microactuators include high specific work output (~ 1 J g -1 ), large displacements and composition-dependent phase transition temperatures (from -100 to +100 °C). Other considerations for specific applications include corrosion resistance and biocompatibility. Disadvantages, compared with other microactuation technologies, include low efficiency (around 5%), large hysteresis and relatively long thermal cycling times.
Deposition of TiNi Thin Films
In most instances reported in the literature, films have been prepared by DC or RF magnetron deposition. Typically, an argon overpressure of around 10 mtorr, ion energy of a few hundred eV and input power of ~ 100 W is used, giving deposition rates of around 1 μm hr -1 . Considerable variability in film properties and quality is apparent for films deposited by these means. These include variations in film composition, transformation temperatures, yield strength and fatigue life. An alternative approach adopted here uses ion beam sputter deposition (IBSD). Advantages include precise control of ion beam energy, current density, and angle of incidence. In addition, the average energies of sputtered atoms depositing on the substrate can be readily influenced. Ion Beam Sputter Deposition. A 3-cm Kaufmann-type arrangement was used as a source of argon ions with energies in the range 1000 -1500 eV and current densities around 1 mA cm -2 in order to prepare near-equiatomic TiNi thin films by IBSD. The measured beam divergence was ~ 5° (FWHM) and was collimated such that the source subtended 0.1 radian at the centre of the target. A source-to-target separation of ~ 10 cm and target-to-substrate separation of 2 cm was used. Argon overpressure during deposition was 0.05 mtorr. Film growth rates were observed to be ~ 1 μm hr -1 . Sputter Yields. Precise compositional control during film growth is essential as transformation temperatures are extremely sensitive to changes in composition. Changes of 100°C in transformation temperature occur per at.% change in composition. However, lack of sufficiently precise experimental data on sputter yields as a function of ion energy and angle of ion incidence is a problem for controlling composition using IBSD. Empirical determination of yields for the desired deposition geometry (usually with the aim of achieving both compositional control and maximising deposition rates) is necessary and can be expedited by theoretical considerations. Hence a simplified collisional cascade model [2] has been used to estimate sputter yields at normal incidence for Ti and Ni as a function of energy in the range 50 -1500 eV. The yield Y (atoms/ion) is given by this model as : (1) where E I is the incident ion energy, E is the average energy of recoil atoms at the termination of the cascade, R R is the effective projected range of a target recoil and R P is the projected range of the incident ion. Material properties influence E where :
with E B the surface binding energy and γ the energy transfer mass fraction 4m I m T / (m I + m T ) 2 , with m I and m T the atomic masses of incident ion and target atom respectively. Values of sputter yield for Ti and Ni were calculated for energies between 50 and 1500 eV and plotted in Fig.1 . The binding energies for Ti is taken as 5.25 eV and that for Ni as 4.55 eV and the yield curves are scaled to agree with the experimentally determined values for both Ti and Ni at 1000 eV [2] . For comparison, experimentally determined yields from 50 -600 eV are also shown on the graph [3] . In general, the sputter yield as a function of angle of incidence Y(θ) shows a broad maximum around 45°. Amongst other factors, there is a dependence on E I and on the m I /m T ratio. The yield is also found empirically to relate to θ as Y(θ) ∝ (cosθ) -f for various incident ion and target combinations, up to angles of incidence θ ≈ 60°. Deposition rates at 45° angle of incidence were determined for Ti and Ni and found to be equal at E I = 1250 eV. Values of f = 3 for Ti and f = 0.6 for Ni are required to fit the Y(0)/Y(θ) ratio for this value of E I , and the corresponding yield versus angle of incidence curves are shown in Fig.2 . These are consistent with the expectation that yield for Ti (m I /m Ti = 0.82) will rise faster than yield for Ni (m I /m Ni = 0.64) with increasing angle. Data 
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on bombardment of refractory metals by xenon, krypton and argon at oblique incidence [4] has also been examined to support this. Sputter yields as a function of θ for m I /m T ratios of 0.49, 0.74, 0.86 and 1.29 are plotted in Fig.3 , showing the trend of increasing Y(θ) max with increasing mass ratio. Energy Distributions. The sputtered species are almost 100% neutral atoms whose energy distribution can be approximated as [5] :
where E S is the energy of the sputtered atoms and E B the surface binding energy. The value of n depends on the incident ion energy and the interaction potential for elastic collisions inside the target. The energy dependence of n has been investigated by Dembowski et al [6] and a value of n = 2.5, corresponding to E I = 1250 eV, is used in the present calculation. Energy distributions for Ti and Ni have been calculated using surface binding energy values as stated above and are shown in Fig.4 , normalised to the most probable energy for Ni. At normal incidence, the average energies for Ti and Ni atoms are 8.5 eV and 7.9 eV respectively, with a median energy for both species of 6 eV. Whether or not the energy distribution at the substrate corresponds to that at the target depends on the number of collisions between target and substrate and hence on the mean free path λ of the sputtered species in argon. This is evaluated from λ = 1/(√2πN(r Ar +r S ) 2 )) where N is the number of argon ions m -3 , r Ar is the atomic radius of Ar and r S is the atomic radius of a sputtered atom. λ is around 120 cm for Ti and 140 cm for Ni at 0.05 mtorr. Thus, in IBSD, the energy distribution of atoms depositing on the substrate is identical to the energy distribution sputtered at the target for the 2 cm target-to-substrate separations used for this work. Hence the average energies of depositing species are over 300 × thermal energies. In contrast, argon pressures for magnetron deposition vary from around 5 mtorr to 50 mtorr. Mean free paths for magnetron deposition thus range from around 1 cm to 0.1 cm with the sputtered species typically being thermalised before contact with the substrate. Sample Preparation. Targets were fabricated from high-purity Ti and Ni sheets by machining four, 20 mm radius, 45° sectors of Ni and attaching to the Ti sheet to form alternating Ti/Ni sectors of equal area and circular geometry. These were bombarded at 45° angle of incidence to deposit films up to 5 μm in thickness onto unheated quartz or silicon substrates. The as-deposited films exhibited the shape memory effect without high-temperature annealing. Measured resistance-temperature loops were indicative of a martensitic to austenitic (M→A) transformation on heating and typically an austenitic to rhombohedral and rhombohedral to martensitic transformation on cooling. Fig. 3 . Sputter yield as a function of angle of ion incidence for increasing mass ratios [4] . 
Thermophysical Properties
Energising TiNi thin film SMA microactuators is achievable by direct Joule heating. With a resistivity of 0.76 μΩ m in the martensitic state and 0.82 μΩ m in the austenitic state, the I 2 R power dissipation of the material is high enough to enable steady-state temperatures above A F to be reached relatively rapidly. Devices with cycle times of several seconds which operate through onoff control by current switching have been built and tested [7] . However, to improve cycle times it is desirable to implement closed-loop control to rapidly ramp the temperature to just above A F , avoiding significant overshoot, but ensuring that the entire volume of the film is driven through the M→A transition. Slow cooling times may dictate assisted cooling to below M F for adequate frequency response. Electrothermal and thermophysical properties, such as resistivity, specific heat capacity, thermal diffusivity and thermal conductivity will strongly influence design trade-offs. Power requirements. Samples with dimensions 10 × 15 mm 2 and thickness ~ 3 μm on quartz substrates were used to investigate power consumption and thermal characteristics. Current was passed through the samples from point contacts on the 10 mm sides and 2-D temperature maps recorded using a thermal imaging system. Fig.5 shows the maximum equilibrium temperature in air as a function of dissipated power for a sample of resistance 0.8 Ω. A linear relationship is found; equivalent to a dissipation of ~ 1 nW μm -3 at 100 °C. Typically, volumes of 10 4 -10 8 μm 3 are characteristic of MEMS devices, implying power requirements in the range 10 μW -100 mW. Specific Heat. The specific heat capacity of TiNi undergoes a step increase from ~ 500 J kg -1 K -1 to ~ 4000 J kg -1 K -1 as the alloy passes through the M→A phase transition on heating, before reverting to ~ 500 J kg -1 K -1 on completion of the phase change [8] . Neglecting other losses, power dissipated will be related to the rate of increase in temperature dT/dt by P = m.C p .(dT/dt) where m is the mass of the specimen and C p is the specific heat. Consequently, a corresponding, smaller, step decrease in dT/dt is expected at the phase transition. A typical dT/dt versus time signature is shown in Fig.6 . An initial decrease in dT/dt at the onset of the phase transformation (A S = 62.5°C) recovers to give a peak in dT/dt, decaying at the termination of the phase transition (A F = 66°C). Thermal Diffusivity and Conductivity. Fig.7 and Fig.8 show 2-D temperature profiles taken as the sample is heated at 500 mW dissipation. The profiles are taken as the temperature approaches the austenitic start A S (Fig.7 ) and the austenitic finish temperature A F (Fig.8) . The two profiles are separated in time by 4 s and show significant temperature gradients in both axial and lateral directions even with average rates of change of only ~ 1 °C s -1 . Average temperature gradients are found to be 3 -5 °C mm -1 . These are attributable to the combined effects of non-uniform current flow through the sample, thermal diffusivity and heat flow to the substrate. Thermal diffusivity κ = k/C p ρ, where k is the thermal conductivity and ρ is the density. In the martensitic phase k is 8.6 W m -1 K -1 and in the austenitic phase increases to 18 W m -1 K -1 . Neglecting temperature dependence, 
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values of thermal diffusivity for TiNi are thus 2.7 mm 2 s -1 in the martensitic phase, 5.6 mm 2 s -1 in the austenitic phase and with a sharp drop at phase transition to ~ 0.5 mm 2 s -1 . (In comparison, the room temperature diffusivity of copper is ~ 120 mm 2 s -1 ). In principle, measurands sensitive to changes in resistivity, specific heat, diffusivity or conductivity could be incorporated within control loops to ensure that the maximum volume fraction of material is rapidly switched between states. However, axial temperature gradients persist after prolonged heating, despite values of κ predicting the film should reach thermal equilibrium. Thus heat flow to the substrate significantly limits the spatially uniform temperature distribution required for optimal operation of membrane-type microactuators delivering large displacement and force. The effective input power used to raise the temperature can be estimated from P eff = k.A.(dT/dx) where A is the cross-sectional area of the film and x the axial distance. In this case, P eff is around 1.5 mW.
Micromachining of TiNi Thin Films
Several methods capable of fine patterning TiNi in thin film, foil or sheet form have so far been reported, including electrolytic etching, chemical etching and machining by Nd:YAG laser. Generally these methods allow reasonably high material removal rates but not the high resolution demanded by most MEMS applications. Excimer laser ablation is a high resolution micromachining tool which offers non-contact, step-and-repeat, lithographic, MEMS-compatible capability. frequencies (PRFs) up to 100Hz (Fig.9 ). The beam is uniform, with approximately 5% RMS deviation, over a 10×10 mm 2 field in the plane of the photomask. A 0.3 NA, 10× projection lens transfers the photomask pattern by exposing a 1×1 mm 2 field at the substrate/sample plane with diffraction limited resolution of 0.8 μm. Exposed areas are thermally ablated at fluences above threshold. Threshold fluences for TiNi were found to vary from 0.45 J cm -2 to 1.25 J cm -2 , depending on the PRF. The volume of ablated material was measured by confocal laser scanning microscopy. The measured resolution of pattern transfer was ~ 1 μm. As expected, the volume ablated increases with number of laser pulse shots and with fluence; however, other effects related to size of ablated features and crystallographic grain size can play significant roles [9] . The SEM micrograph in Fig.10 shows the effect of 256 shots at a PRF of 50 Hz. Through-penetration of the foil has occurred and the effects of melting/resolidification are also seen. 
Summary
TiNi thin films have been grown by IBDS which exhibit the shape memory effect, as-deposited, and have M→A transition temperatures around 65 -70 °C. Thermophysical properties of the films have been investigated using thermal imaging and implications for closed-loop control of TiNi MEMS devices discussed. Finally, excimer laser ablation has been explored as a means of high resolution patterning of TiNi thin films and foils. Fig.11 . Volume ablated per laser shot and area to volume ratio as a function of area irradiated.
Features ranging from 10 to 100 μm in length, breadth or diameter and up to ~ 25 μm in depth were ablated to investigate practical operating envelopes. Submicron control of depth of ablation is achievable under most conditions, with extremely fine control of volumetric material removal rate. Fig.11 shows the relationship between volume ablated per shot and area irradiated using a PRF of 100 Hz. The initial steady increase reflects increasing solid angle for ejection of ablated material. The curve peaks as increasing surface area increases heat loss between shots. The strongly thermal nature of the process is shown by the good correlation with area/volume ratio.
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